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NATIONAL ADVISOET COMMITTEE FOE AEBONAUTICS 
RESEARCH MEMOEAKDUM 


AEEODTNAMIC CHAEACTEEISTICS AT SUBSONIC AND SDEEESONIC MACH 
NUMBEES OF A THIN TRIANGULAR WING OF ASPECT RATIO 2. 

I - MAXIMUM THICKNESS AT 20 PERCENT OF THE CHORD 
By Robert E. Berggren and. James L. Summers 


SUMMARY 

This report presents the results of a wind-tunnel investigation 
conducted to determine the effects of Mach number on the aerodynamic 
characteristics of a wing of triangular plan form. The wing was of 
aspect ratio 2 and of symmetrical double— wedge section with 5~percent 
chord maximum thickness at 20 percent of the chord. The tests were 
conducted at Mach numbers from 0.50 to 0.975 aJid 1.09 to 1.^9 anH at 
Reynolds numbers ranging from 0.67 to 0.85 million. 

The experimental results Indicate chiefly that (a) the lift- 
curve slope increased steadily with an increase in subsonic Mach 
nvunber and decreased gradually with Mach number above 1.12; (b) the 
aerodynamic center shifts from 40 to 50 percent of the mean aerodynamic 
chord in the subsonic Mach number range ani^ remains at approximately 
51 percent of the mean aerodynamic chord throughout the supersonic 
Mach number range; (c) the minimum drag coefficient is essentially 
constant at subsonic Mach numbers «.nH at supersonic Mach numbers 
above 1.2, but Increases appreciably with Mach number in the portion 
of the supersonic range below 1.2; (d) the drag due to lift decreases' 
continuously in the subsonic range up to a Mach number of 0.9^>hut, 
in the supersonic Mach number range, the variation is reversed an<i a 
continuous increase occurs with increasing Mach number; and (e) 
calculated characteristics except for minimum drag coefficient were 
in reasonable agreement with the experimental characteristics. 


INTRODUCTION 

The use of highly swept or low-aspect— ratio wings has frequently 
been proposed for aircraft designed to operate at supersonic Mach 
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numbers. Theoretical studies by Jones (references 1 and 2) and Puckett 
and Stewart (reference 3 ) have indicated that the low— aspect— ratio 
triangular wing with apex forward is a promising plan form for this 
application. The present investigation was undertaken in the Ames 
1— by 3— 1 / 2 — foot high-speed wind tunnel to determine experimentally 
the principal aerodynamic characteristics of a low-aspect— ratio 
triangular wing at subsonic and supersonic Mach numbers and to compare 
these characteristics with those from theoretical calculations. 

The wing was selected on the baa is of certain theoretical 
predictions of Puckett and Stewart to provide minimum pressure drag 
at moderately supersonic Mach numbers for a triangular wing of 
practical thickness. The wing was of aspect ratio 2 and had a 
symmetrical double-wedge section. The maximum thickness was 5 percent 
and was located at 20 percent of the chord. 


SYMBOLS 



sjjan of wing, feet 


local wing chord, feet 
mean aerodynamic chord 


drag coefficient 




minimum drag coefficient 


feet 




ACp 

ACl^ 

Cl 


change in drag coefficient from value of minimum drag 
coefficient (Cjj — Cp^^ ) 

drag— rise factor 
lift coefficient 



dCL 

da 


change in lift coefficient from the value at minimum drag 
coefficient (C^ - Cj^ ^ 

lift— curve slope at zero lift coefficient, per degree 


Cm 


pitching-^noment coefficient 

moment about centroid of area of wlnjA 
qSc / 
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lift— drag ratio 

naximum lift-drag ratio 
free— stream Mach niimber 

free— stream djrnamic pressxire pounds per square foot 

free— stream Reynolds number referred to the mean aerodynamic 
chord 

wing area, square feet 

free— stream velocity, feet per second 

spanwise distance from the wing root— chord line, feet 

angle of attack, degrees 

free— stream mass density, slugs per cubic foot 


lift ^ 

drag/ 


APPARATUS AND TESTS 

The tests were performed in the Ames 1— by 3 — l/2— foot high-speed 
wind tunnel, which is a closed— throat tunnel, fitted with a flexible 
throat to provide variations of supersonic speeds up to a Mach number 
of 1 . 5 * A diagrammatic sketch of the throat section is given in 
figure 1. The model (fig. 2) was constructed of steel according to 
the dimensions of figure 3* Leading and trailing edges of the wing 
were maintained sharp (less than 0 . 002 — in. radii) tliroughout the 
tests. The wing surfaces were ground but not polished. 

The wing was mounted in a horizontal plane in a slender body of 
revolution (fig. 2 ) having the minimum size consistent with its 
function as an adequate support. A series of identical bodies (fig. 3), 
sting supported at different angles of attack, was engjloyed inter- 
changeably to vary the wing angle of attack. 

A three— component electrical strain— gage balance was xised to 
measure the lift, drag, and pitching moment of the model. Measurements 
of the pressure acting on the base of the body were made simultaneously 
with the force measurements . 
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Measurements of lift^ drag^ and pitching moment were taken at 
intervals in the Mach number ranges of 0.50 to 0.975 and. 1.09 to 1.^9 
and at angles of attack from approximately —3^ to 9^* Reynolds ^ 
numher, based on the mean aerodynamic chords varied from O.67 X 10 
at 0.50 Mach number to 0. 83 X 10 at 1.49 Mach number. Wind-tunnel- 
choking considerations precluded testing at Mach numbers between 0.975 

and 1.09. 


REDUCTION OF DATA 

Lift^ drag^ and pitching— moment coefficients are based on the 
wing area including that portion which was enclosed within the body. 
Pitching— moment coefficients are. referred to the centroid of wing 
area and are based on the mean aerodynamic chord. 

Corrections for wind— tunnel- wall interference were made at 
subsonic Mach numbers to both the measured angles of attack and drag 
coefficients by the method of reference 4. These corrections^ 
demonstrated in reference 5 to be independent of Mach number, were: 

= 0.424 C^ 

ACj) = 0.0075 

The drag forces were also corrected for the effects of the 
buoyant pressure gradients existing in the wind tunnel . This correction 
was less than 2 percent of the minimum drag at all Mach numbers. No 
corrections were made for any possible inclination of the air stream. 

The tunnel blockage corrections were determined to be negligible 
and were not applied to the test data. 

The drag data were corrected for the interference arising from 
the close proximity of the balance cap to the afterend of the body. * 
This interference is assumed to be confined to the base of the body 
at all Mach numbers. Theoretical computations have indicated this 
assumption to be essentially correct at subsonic Mach numbers. On 
the basis of a discussion contained in reference 6 this assumption 
is also believed to be valid at the supersonic Mach numbers. The 
effect of this interference is to change the pressure at the base 
of the body from that which would exist in the absence of the balance 
cap. To condensate for the effect of this interference, which is 
believed to vary with Mach nunber, the measured base pressure has 
been adjusted to correspond to the static pressure of the free stream. 
Thus, the adjusted drag is the measured drag of the wing emd body 
minus the base drag of the body. 
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EESDLTS AND DISCUSSION 

The results of the tests are presented in figiire 4 as plots of 
lift coefficient as a function of angle of attack, and pitching^ 
moment coefficient^ drag coefficient, and lift— drag ratio as functions 
of lift coefficient for each test Mach number. Figures 5 through 
11 are derived from figure 4 and show the variation with Mach number 
of certain of the aerodynamic parameters. Representative schlieren 
photographs of the model at various Mach numbers are presented in 
figure 12, part (a) being included to show the optical defects of 
the tunnel windows. 

For purposes of correlation, characteristics obtained from 
references 7 and 8 at Reynolds numbers of 15.4 X IcP and 1.8 X 10®, 
respectively, and reference 9 for a Mach number range of 0.50 to 
0.95 and a Reynolds number of 5*3 X IC^ on wings of similar plan 
form and section are con^jared with the results of the present test. 
Further con 5 )ari 6 on with the results of the present investigation is 
provided by including data from reference 6 for the identical con- 
figuration and a closely con^jarable Reynolds number. 

The forces and moments of the wing alone from the present test 
could not be readily separated from those of the wing— body combination 
because of the difficulty in determining the wing-body interference. 

The coefficients presented, therefore, represent the results of the 
combination and not of the wing alone. The contribution of the 
body to the lift and pitching moment is believed to be small. However, 
the drag produced by the body is of appreciable magnitude and this 
fact should be borne in mind in a study of the drag characteristics. 

A description of the influence of the body upon the characteristics 
of the combination is given in reference 6. 


Lift Characteristics 

The theoretical lift curves shown in figure 4 are for the wing 
alone and were determined by the methods of references 10 3 ^or 

the subsonic and supersonic Mach numbers, respectively. 

The increase in the experimental lift— curve slope with angle 
of attack, apparent in the subsonic data (fig. 4) up to angles of 
attack of about 7^^ is typical of wings of very low aspect ratio. 
Results from tests at a higher Reynolds number (reference 7) show 
lift curves of a similar nature. The displacements of the lift curves 
from zero angle of attack at zero lift coefficient to be noted at 
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several Mach numbers were caused by stream inclination for which 
corrections were not made. 

The respective variations with Mach number of lift coefficient at 
constant angles of attack and of lift— curve slope are shown in figures 5 
and 6. From these figures it can be seen that there are no abrupt 
changes in these two parameters with Mach number. The experimental 
values of the lift— curve slope (fig. 6) increase with Mach number 
in the subsonic range and decrease with Mach number in the supersonic 
range above a Mach number of 1.12. The discrepancy in the magnitudes 
of the theoretical and experimental lift— curve slopes is evidently 
due to the influence of the body and to second— order effects of 
thickness of the airfoil which are not considered in either the 
subsonic or supersonic theories. The agreement with the present 
investigation of the lift— curve slopes of references 6^ 7^ 8, and 
9 is reasonable if consideration is given to the differences in 
Reynolds number. 

It appears that there are no abrupt changes near the Mach number 
of unity in either the lift coefficient at constant angles of attack 
(fig. 5) or lift— curve slope (fig. 6). Data obtained from tests by 
the NACA win^flow method (reference 11 ) on a similar wing at a 
Reynolds number of approximately 1.0 X 10® have revealed no erratic 
changes within the range of Mach numbers from 0.975 to 1.09 >^hich 
were not covered in the present investigation. 

Pitching-Moment Characteristics 

It caa be seen that the variation in pitching-moment coefficient 
with lift coefficient, shown in figure h for various Mach numbers, 
is continuous and almost linear. The aerodynamic center location, 
plotted against Mach number in figure 7/ determined from the slope 

of the pitching— moment curve (fig. h) at zero lift coefficient. 

Figure 7 indicates that the travel of the aerodynamic center with 
Mach number is 10 percent of the mean aerodyhamic chord in the subsonic 
range. At the supersonic Mach numbers the position of the aerodynamic 
center remains within 2 percent of that predicted by the linear theory 
(50 percent of the mean aerodynamic chord). The results of this 
investigation are in good agreement with reference 9 Q-'t the lower 
subsonic Mach numbers (below 0.8) but differ considerably at the 
high subsonic Mach numbers. The agreement of reference 6 with the 
results of the present test is excellent. 


Drag Characteristics 

The calculated drag polars in figure k for the supersonic Mach 
number range are for the wing alone and were obtained by summing the 
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pressure drag and skin— friction drag computed by the methods of 
references 3 emd 12, respectively. Because the distribution of 
laminar and txjrbulent flow over the wing was unknown, boundaries 
representing pressure drag plus complete laminar skin friction and 
pressure drag plus complete turbulent skin friction have been indicated. 
Values of skin— friction coefficients corresponding to incompressible 
flow were assumed in the calciilations . The experiments of references 
12 and I 3 would appear to justify this assumption. The experimental, 
drag polars presented in figure 4 for the Mach numbers of 1.09 aiid 
1.12 are seen to exhibit a lower rate of change of drag coefficient 
with lift coefficient than those for other supersonic Mach niimbers, 
or those calculated for these two Mach numbers. Possible reasons for 
this low rate of drag rise are discussed later in the discussion of 
the drag— rise factor. 

The variation of drag coefficient with Mach number at constant 
values of lift coefficient is shown in figure 8. As would be expected 
from examination of the polars of figure 4, quite low values of drag 
coefficient at the higher lift coefficients are evident at the lower 
supersonic Mach numbers. 

The character of these curves may be more readily analyzed by 
considering the change in drag coefficient accompemying .a change in 
lift coefficient, that is, the drag due to lift. This quantity may 
be conveniently represented, because of the parabolic nature of the 
experimental polars, by a dimensionless parameter termed the "drag- 
rise factor" which is defined as 

The drag— rise factor, plotted in figure 9 Tor the configuration 
of this investigation, exhibits the same character of variation with 
Mach number as the drag coefficient at consteint lift coefficient 
(fig. 8). If the wing under investigation be considered as a flat- 
plate airfoil, realizing no leading-edge suction, the drag— rise 
factor can be equated to the reciprocal of the lift— curve slope. 

The reciprocal of the lift— curve slope has also been plotted in 
figure 9- In. this figxire the effect of Mach number on these two 
quantities is indicated to be essentially identical except in the 
region between Mach numbers O .9 and 1.2. 

The low values of the drag— rise factor at Mach numbers from I .09 
to approximately 1.1? appear questionable. No suitable explanation 
has been found for these apparently low values j however, for the 
following reasons they are believed to be the result of a wind- 
tunnel interference rather than genuine aerodynamic effects: 
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1. The air stream is kaown to contain random shock waves at 
the low supersonic Mach numbers, examples of which are indicated hy 
arrows in figures 12(d) and (e). 

2. Eeflections from the tunnel walls of the shock waves 
originating at the body nose and point of jxmeture of wing and body 
impinged upon the model at Mach numbers from 1.09 to 1.17 and may 
have produced a buoyant pressure field in a direction to decrease 
the drag. (The reflected waves cannot be seen in fig. 12 because 
the optical axis of the schlieren system is parallel, not perpendic- 
ular, to the 1— foot dimension of the wind tunnel.) 

3 . At Mach number I. 09 , a strong normal shock wave was located 
adjacent to the trailing edge of the wing. (See figs. 12(c) and (d).) 
The higher pressure after the shock wave may have been transmitted as 
a pressure disturbance through the subsonic wake of the model to 
reduce the drag below that which would occur in the absence of this 
wave. 


The variation of minimum drag coefficient with Mach number is 
shown in figure 10. It will be noted from an examination of this 
figure that the drag divergence at high subsonic Mach numbers usually 
associated with unswept wings of higher aspect ratio does not occur 
for this configuration. In fact, the variation of minimum drag 
coefficient with Mach number in the entire subsonic range is quite 
small. Compared to the results of references 7 and 8, with consider- 
ation given to the friction drag of the body and to the influence 
of Reynolds number, the values of this coefficient appear satisfactory. 

A comparison with the results of reference 9 shows a lack of 
agreement in both the magnitude and the rate of rise with Mach nuniber 
of the minimum drag coefficient. It should be noted that the results 
of reference 9 were obtained for a semispan model mounted on a 
turntable in the floor of the tunnel. This reference indicates that, 
because of leakage of air through the gap between the turntable and 
the tunnel floor, the variation with Mach niunber of the minimum drag 
coefficient is subject to question. Also, the magnitude of the 
minimum drag coefficient of reference 9 t)e somewhat in error 
because of the large drag— tare correction necessary (approximately 
50 percent of the minimum drag coefficient). 

In the range of Mach numbers above approximately 1.2, the 
variation of minimum drag coefficient with Mach number compares 
favorably with the predicted variation. The absolute values, however, 
are greater than those indicated by the theoretical upper limit. 
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This result may De attributed to the friction drag of the body atiH to 
possible boundary— layer-separation effects, neither of which was 
considered in the theoretical calculations. 

The agreement of the res\ilts of the present investigation at the 
highest supersonic Mach number with that of reference 6 is considered 
satisfactory. 

Maximum lift— drag ratio as affected by Mach number is shown in 
figure 11. It is observed that, at subsonic Mach mnnbers, the maximum 
lift— drag ratio remained fairly constant. At supersonic Mach numbers, 
increases in both minimum drag and drag due to lift caused this ratio 
to decrease. The high maximum lift— drag ratios at the lower supei>- 
sonic Mach numbers can probably be attributed to the unexpectedly low 
drag values observed in this range. 

At subsonic Mach numbers, the difference between the results 
of the subject investigation and those of references 7, 8, and 9 
may again possibly be attributed to differences in Eeynolds number 
and to the influence of the body present in this Investigation. The 
agreement with the results of reference 6 is good. The experimental 
values are somewhat lower than the calculated values since the latter 
include neither the effect of the friction drag of the body nor the 
change in skin— friction drag with angle of attack. 


CONCLUSIONS 

The results of wind-tunnel tests of a thin triangular wing of 
aspect ratio 2 and a double-wedge profile through the Mach number 
ranges of 0.50 to 0.975 and 1.09 to 1.^9 indicate the following: 

1. The lift— curve slope increased steadily with an increase in 
subsonic Mach number and decreased gradually with Mach number above 
1 . 12 . 


2. The aerodynamic center shifted from IfO to 50 percent of 

the mean aerodynamic chord with Mach number at subsonic Mach numbers. 
At supersonic Mach numbers the aerodynamic center remained near the 
centroid of area. 

3. The minimum drag coefficient remained essentially constant 
at subsonic Mach numbers and at supersonic Mach numbers above 1.2, 
but Increased appreciably with Mach niimber in the portion of the 
supersonic range below 1.2. 
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Iv. A decrease in drag due to lift resxilted from an increase 
in suLsonic Mach number and a subsequent rise in drag due to lift 
resulted from an increase in Mach number above I.09. 

5. Theoretical calculations, except for minimum drag coeffi- 
cient, were in reasonable agreement with the experimental characteristics. 


Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Moffett Field, Calif. 
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Figure 1. Illustration of the flexible —throat mechanism in the Ames 
3~l/2— foot high-speed wind tunnel. 
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Figiire 2 .— Photograph of triangular wing and body. 
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Dimensions are in inches exc^t as noted 
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Figure 3r Sketch of triangular wing and body. 
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(b) M=0.70, R=0.8lxl0^. 
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Figure 4. -Continued 
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(g) M^L09, R=0.85x!0^. 
Figure 4r Continued, 
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(h) M^U2, R=0B5xl0^ 
Figure 4r Continued. 
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(j) M‘!.20, R’OaSxlO^ 
Figured.- Continued. 
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(k) M=L29, R=085xl0^. 
Figure 4r Continued. 
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Figure 4r Concluded. 
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Figure SrVariation of lift coefficient with Mach number at constant angle of attack. 
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Figure Sr Effect of Mach number on lift -curve slope. 
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Figure 7 .-Effect of Mach number on tocafion of the aerodynamic center. 
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Figure 8 rVartotion of drag coefficient with Mach number at constant lift coefficient. 
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Figures - Effect of Mach number on drag-rise factor. 
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Figure lOr Effect of Mach number on minimum drag coefficient. 
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Figure Ur Effect of Mach number on maximum Hft-drag ratio. 
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(a) Air stream off. 


(b) M = 0.95j side view. 





(c) M = 1.09^ side view. 


(d) M = 1.09^ plan view. 


Figure 12.— Typical schlieren photographs of the side and plan views 
of the model at several Mach numbers . 
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(e) M = 1.12, side view. 


V 



(g) M = 1.29, side view. 



(f) M = 1.12, plan view. 



A-13018 


(h) M = 1.29, plan view. 


Figure 12.— Continued. 
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(i) M = l.k-9, side view. 


A-13019 

(j) M = 1 . 49 ^ plan view. 


Figure 12.— Concluded. 
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